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In this study, we demonstrate the use of a microscopic circular polariscope to

measure the flow-induced birefringence in a microfluidic device that represents the

kinematics of fluid motion optically. Unlike the commercial birefringence micro-

scope employed in the previous studies, our approach is able to provide direct mea-

surement of retardance, which quantifies the difference in refractive index of the

fluid experienced by the ordinary and extraordinary rays, from one single image

frame. This capability facilitates unsteady full-field quantitation of flow-induced

birefringence in microfluidics that has never been achieved before. At low flow

rates, we find that the value of the retardance is independent of the microfluidic

design and proportional to the nominal strain rates. This linearity bridges the mea-

surement of birefringence and the deformation rate in the microflow environment,

which yields the stress information of the fluid flow. In addition, the lPIV results

confirm that both extensional and shear strain rates contribute to the flow-induced

birefringence so that the retardance distribution can be used to represent the field of

the principal strain rate in a microfluidic device. The outcome of this study proves

that our approach provides a non-invasive method that enables an intuitive full-

field representation of stress in the instantaneous flow field in a microfluidic device.
VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4939949]

I. INTRODUCTION

In microscale bio-fluid mechanics, a major challenge is to measure or visualize the shear

stress field that plays a critical role in blood coagulation or thrombus formation.1,2 In the past,

the stress tensor was commonly calculated via assessing the velocity field of the flow. Although

the local wall shear stress can be derived from the results of the lPIV diagnosis, its applicabil-

ity is limited due to its invasiveness—the addition of seeding particles required for accurate

measurements of in vivo blood flow under high magnification imposes risk to alter the flow

behaviors.3,4

In microfluidic environment, methods that provide fully resolved, non-invasive, direct

measurements of spatio-temporal stress fields are scarce. Recent approaches include utilizing

pressure-sensitive paint (PSP) to resolve the pressure data and liquid crystal technique for shear

stress measurements over surfaces in microfluidic systems.5,6 However, these coating-based

methods are constrained to measurements on surface and often required tedious data reduction

procedures. In comparison, flow-induced birefringence offers a straight-forward representation

of the stress field, benefiting from the stress-optical law that states a linear relationship between

the principal stress difference and the amount of birefringence.7 This opto-microfluidic method

has been applied to construct extensional rheometry and study molecular response of complex

fluids and biofluids to flow fields.8–11

For flow-induced birefringence, the measuring principle relies on detecting the optical ani-

sotropy of a fluid as a result of stress. When entering a birefringent fluid, a linearly polarized

ray splits to an extraordinary ray and an ordinary ray. The ordinary ray experiences isotropic
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and homogeneous refractive index in the fluid, but the refractive index experienced by the

extraordinary ray is direction-dependent.12 This results in a phase difference between the ordi-

nary ray and the extraordinary ray, which is termed retardance. Another quantity that character-

izes the birefringent property of a fluid is the orientation angle, which indicates the direction of

the slow optical axis. For low stresses, the stress-optical law holds which provides a way to

represent spatially resolved stress field through measuring the retardance. To separate out the

birefringence and the orientation, the Pathak and McKinley groups used the Metripol birefrin-

gence microscope and the ABRIO imaging system, which are both commercially available and

able to produce pseudocolour map of retardance from a sequence of images.8,10,11,13 These

multi-frame approaches hinder their application under unsteady-flow condition. On the other

hand, the Odell group successfully captured the birefringent response of an oscillatory exten-

sional flow cycle from one image frame.14–16 Nevertheless, the Riddiford and Jerrad method

used in their study requires an iterative procedure to perform the retardation-birefringence trans-

form, which is time-consuming and costly.14

To realize the measurements of flow-induced birefringence in a microfluidic device, we

construct a circular polariscope on top of an inverted microscope by adding two polarizers and

two waveplates along its light path. The configuration of the circular polariscope permits a

direct interpretation of retardance from a single image.12 In this study, we design three different

minichannels that contain a cylinder or an array of cylinders to be used as the benchmark

because large extensional flow in the wake of the cylinder and strong wall effects on the two

sides are expected, both impose challenge on measurement method.1,17–20 In addition, the capa-

bility of unsteady birefringence measurements of our system can be tested by the downstream

instability of the cylinder. For comparison, the lPIV diagnosis is also employed to obtain the

velocity field, from which the extensional and the shear rate of the flow are determined and

compared to discuss their role in flow-induced birefringence.

II. WORKING PRINCIPLE

A. Stress-optical law

Birefringence in a flowing solution occurs when the microstructural network is deformed.

The double refraction leads to a relative phase shift between the two orthogonal components of

light, and the retardance d can be determined from12

d ¼
ðh
0

2pDn

k
dz; (1)

where Dn is the difference between the ordinary and the extraordinary indices of refraction, k
is the wavelength of the incident light, and h is thickness of the fluid flow layer along the direc-

tion of the light path z. For two-dimensional flow, the stress-optical law for light at normal inci-

dence to the flow plane leads to

d ¼ 2ph

k
Dn ¼ 2ph

k
CDr ¼ 2phC

k
r1 � r2ð Þ; (2)

where C is the stress-optical coefficient, Dr is the principal stress difference, and r1 and r2 are

the eigenvalues of the two-dimensional stress tensor so that

Dr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðrxx � ryyÞ2 þ 4sxy

2

q
; (3)

where r is the normal stress and s is the shearing stress. In the double subscript notation, the

first subscript indicates the normal direction of the plane on which the stress acts, and the
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second subscript indicates the direction of the stress. Once the retardance is measured, we are

able to obtain the stress information in the fluid flow through Eq. (2).

B. Experimental setup

Our schematic to measure the flow-induced birefringence in a microfluidic device is given in

Fig. 1. A circular polariscope is configured on top of an inverted microscope (DM IL LED,

Leica Microsystems) by adding four optical elements: two linear polarizers (10LP-VIS-B,

Newport) and two quarter waveplates (10RP34, Newport) as arranged in Fig. 1. The linear polar-

izer nearest the light source is called the polarizer, while the second linear polarizer is referred to

as the analyzer. The incident light first passes through the polarizer and the quarter waveplate A

to generate a circularly polarized ray. After being transmitted through the microfluidic device, the

circularly polarized ray propagates through the quarter waveplate B then the analyzer.

If the angle between the optical axes of the first polarizer and the analyzer is 90�, the light

vector of the linearly polarized ray Er can be expressed by

Er ¼ RðnÞJRð�nÞE; (4)

where E is the light vector of the incident ray, R(n) is the rotation matrix for an orientation

angle n, and J is the Jones matrix for the first polarizer. Because the optical axis of the quarter

waveplate A is oriented at 45� with respect to that of the analyzer, the waves upon entering the

microfluidic device EQA can be expressed as12

EQA ¼
Effiffiffi
2
p cos xt

cos xtþ p=2ð Þ

� �
; (5)

FIG. 1. Experimental setup.

011903-3 C.-l. Sun and H.-Y. Huang Biomicrofluidics 10, 011903 (2016)



where x is the circular frequency of the wave. Assuming that the flow-induced birefringence in

the microfluidic device exhibits the optical properties of a waveplate with a relative phase shift

of d and an orientation angle of h, the light emerging from the microfluidic device Es is

described by

ES ¼
E

2

cos hþ xtð Þ þ sin hþ xtð Þ
cos hþ xtþ dð Þ � sin hþ xtþ dð Þ

� �
: (6)

After the light propagates through the quarter waveplate B with its optical axis oriented at

�45� with respect to that of the analyzer, the emerging light vector EQB becomes

EQB ¼
E

2
ffiffiffi
2
p cos 2hþ xtð Þ � cos dþ 2hþ xtð Þ þ sin xtþ sin dþ xtð Þ

�cos 2hþ xtð Þ þ cos dþ 2hþ xtð Þ þ sin xtþ sin dþ xtð Þ

� �
: (7)

Finally, the light passes through the analyzer. The light vector transmitted by the analyzer

EA is given by

EA ¼
E

4

sin xtð Þþ cos xtð Þþ sin dþxtð Þþ cos dþxtð Þ� sin dþ 2hþxtð Þ� cos dþ 2hþxtð Þ
0

" #
:

(8)

Because the intensity of light is proportional to the square of the amplitude of the light

wave, the intensity ratio of the light source I0 to the light emerging from the analyzer Ic can be

related to the retardance by

Ic

I0

¼
Ð 2p

0
jEAj2d xtð ÞÐ 2p

0
jEj2d xtð Þ

¼ sin2 d
2

� �
: (9)

For the configuration of the circular polariscope, the intensity is independent of the orienta-

tion angle h. Therefore, Eq. (9) provides a simple way to quantify the retardance d of the flow-

induced birefringence by recording one single image and a reference image. This single-image

approach not only facilitates to estimate the retardance distribution intuitively before further

post processing but also enables transient measurements. Without adjusting the position of any

optical element, a sequence of images can be recorded to investigate the development of retard-

ance with time in a microfluidic device.

The success of the proposed approach relies on the validity of Eq. (1). Since there is an

upper bound of stress beyond which the linear stress-optical rule no longer holds, the measuring

range of stress is confined. In addition, the time required to re-establish thermodynamics equi-

librium in fluid puts a limit on the temporal resolution of our system.21,22 On the other hand,

the minimal discernable stress difference is influenced by the pixel depth in the acquired image,

the channel depth, and the stress-optical coefficient. To improve the stress resolution, higher

pixel depth, larger stress-optical coefficient, or deeper channel is preferred. The results obtained

by our approach represent the accumulation of birefringence through the fluid layer or the aver-

age over the channel depth. Although the proposed technique cannot be applied to diagnose

three-dimensional flow in its current configuration, the depth-resolved birefringence can be real-

ized by tomography.7,23

In this study, we use a 2.5� objective (N PLAN, Leica, NA¼ 0.07) and a CCD camera

(MotionPro X-3, Integrated Design Tool) connected to the microscope via a 1� adaptor to ac-

quire the images. The 10-bit images are processed by a program implementing the Matlab

Image Processing Toolbox (Mathworks). The grayscale readouts are divided by the exposure

time in order to determine the light intensities. A syringe pump (kds210, KD Scientific) is

employed to deliver the working fluid to the microfluidic device. Prior to each experiment, the

reference image is acquired when fluid remains quiescent in the minichannel and both the

011903-4 C.-l. Sun and H.-Y. Huang Biomicrofluidics 10, 011903 (2016)



quarter waveplate B and the analyzer are removed from the optical path. The light source is re-

calibrated to ensure the average intensity of the reference image is consistent under different

condition. The quarter waveplate B and the analyzer are then re-installed in order to commence

the experiment.

C. Device and working fluids

From a molding method, the microfluidic devices used in this work are made of PDMS

(polydimethylsiloxane) material which exhibits birefringence when it is deformed.24 To elimi-

nate this unwanted effect, the stiffness of the channel material is increased by adjusting the ra-

tio of the liquid PDMS and the cross-linking agent.25 The channel is then checked by pumping

in water, a non-birefringent fluid, and ascertained that no birefringence is observed. The

PMMA (polymethylmethacrylate) mold is micromachined by a CNC (computer numerical con-

trol) milling machine. Three different microfluidic designs are tested, as shown in Fig. 2.

Channel #1 and channel #2 both contain a single cylinder in the middle of the minichannel.

The widths are 4 mm and 2 mm, respectively. Channel #3 comprises a linear array of seven cyl-

inders with a pitch of 2 mm, and the fourth cylinder is positioned to the centre of the 2 mm

wide channel. For all three channels, the diameter of the cylinders is 1 mm, the minichannel

FIG. 2. Detailed dimensions of the microfluidic devices.
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length is 50 mm, and the depth is 1.5 mm. The inlet and outlet of the minichannel are connected

to the syringe pump via Teflon tubes with an inner diameter of 0.8 mm. Ideally, the proposed

method can be applied to smaller channel size. As long as the flow-induced birefringence is

sufficiently large and the Nyquist sampling criterion is satisfied for a given objective, the spatial

resolution of our system is diffraction limited.26 However, the magnification is indirectly con-

strained by the sensitivity of the system if the flow field fluctuates rapidly with dim birefrin-

gence. When the signal to noise ratio (S/N) becomes the limiting factor, lower magnification

objective is more desirable among lenses with the same NA because signal intensity decreases

with the square of the magnification factor.26 Even though extended exposure or binning may

help to recover weak signal, the improvement in S/N comes at the expense of imaging blurring

and reduced spatial resolution.26

As an approximation, the average shearing deformation of the fluid is represented by the

nominal strain rate at the gap between the cylinder and the wall of the minichannel, which is

defined as

e0 ¼
Q

W � Dð ÞDh
; (10)

where W and h are the width and depth of the channel, D is the diameter of the cylinder, and

Q is the volumetric flow rate. During the experiments, the flow rate varies from 0.02 to 5.4 ml

min�1. Using the zero-shear viscosity to define the Reynolds number, the range of the corre-

sponding Reynolds number is between 6.9 � 10�7 and 2.3 � 10�3.

For the measurements of flow-induced birefringence, the working fluids have to be trans-

parent and capable of inducing substantial birefringence with good linearity. In this study,

three different working fluids are tested. The first solution is a blend of 30 mM CTAB (cetri-

monium bromide) and 240 mM NaSal (sodium salicylate). The second solution is composed

of 100 mM CPyCl (cetylpyridinium chloride) and 60 mM NaSal. The third solution consists of

100 mM CPyCl, 50 mM NaSal, and 100 mM NaCl (sodium chloride). The rheological and

rheo-optical properties of the test fluids are well documented in literatures.1,8,11,17 For all

three tested fluids, the Maxwellian relaxation time is on the order of 10�1 s to 1 s. The den-

sities are comparable to that of water, and the stress-optical coefficients have a reasonable

order of magnitude and remain constant in a wide range of shear rate. For fluids which appear

non-birefringent such as water, it is possible to add colloidal nanorod suspension to produce

measurable birefringence.27,28

D. lPIV diagnosis

To compare the flow-induced birefringence results to the kinematics of the fluid motion,

lPIV diagnosis is also carried out. Microparticles with a mean diameter of 5 lm and a density

of 1030 kg m�3 (polyamide seeding particles, Dantec Dynamics) are seeded to the working

fluid. The particle concentration is 2.97 � 107 particles ml�1 so that there are approximately 6

particles in each interrogation area after three-pass grid refining of the 16 � 16 pixels (4 �
46 lm2) cell.29 The exposure time is set to 30 ls, and the frame rate varies from 600 to 2000

fps, depending on the flow rate of the working fluid. To ensure that the seeding particles follow

the flow, the time scale for inertial acceleration of the particle has to be much smaller than the

Maxwellian relaxation time.30 Estimated from the velocity lag of a particle in a continuously

accelerating fluid, the characteristic time of the particle inertia is about 1.43 ls, much lower

than the Maxwellian relaxation times of the working fluids used in this study.29 PIVLab is uti-

lized to resolve the velocity field,31 from which the magnitudes of extensional rate ee, shear

strain rate es, and the principal strain rate ep are calculated as

ee ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@u

@x

� �2

þ @v

@y

� �2
s

; (11a)
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es ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@u

@y
þ @v

@x

� �2
s

; (11b)

ep ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@u

@x
� @v

@y

� �2

þ @u

@y
þ @v

@x

� �2
s

: (11c)

To produce the pathlines, superposition is performed on 100 successive images. After

incorporating error propagation, the overall uncertainties of the measured quantities are sum-

marized in Table I.32 The uncertainty of the velocity field is evaluated by comparing the lPIV

results in a straight channel to the analytical solution using the Ellis model.8 For the retardance

measurement, the accuracy of Eq. (9) relies on correctly positioning each optical element so

that its overall uncertainty is influenced by the precision of the rotation stage. The overall

uncertainties of velocity, nominal, extensional, shear, and principal strain rate also depends on

the dimension precision of the microfluidic device due to error propagation.

III. RESULTS AND DISCUSSION

A. Retardance vs. nominal strain rate

The variation of retardance distribution with the increase in the nominal strain rate is

depicted in Fig. 3 for the CTAB:NaSal solution near the first two cylinders in channel #3. At

e0¼ 1.11 s�1, a thin symmetric region of d� 0.2 rad surrounds the first cylinder, covering from

the front (hc¼ 0�) to hc¼6120�. Two faint striations are stretched and aligned side by side

between the neighbouring cylinders. As they extend downstream, these two striations eventually

divert and connect to the two sides (hc¼630�) of the second cylinder. As a result, a triangular

region of low retardance is found near the nose of the second cylinder. When the nominal strain

rate increases, the magnitude of the retardance increases correspondingly and its band widens.

In the wake region, the two striations become more separate from each other and a third strand

with moderate retardance emerges along the centerline. This central strand is ascribed to the

extensional and compressive deformation as fluid stretches from the rear stagnation toward the

nose of the following cylinder. The maximal retardance is found at hc¼ 90� of the first cylin-

der. When the nominal strain rate reaches 4.44 s�1, the upstream starts to fluctuate temporally

and the distribution of the flow-induced birefringence loses its symmetry. In addition, the

retardance no longer augments with the nominal strain rate monotonically. At hc¼ 90� of the

first cylinder, the retardance is 0.5 rad for e0¼ 3.33 s�1 but decreases to 0.4 rad as e0 increases

to 6.67 s�1.

For all working fluids, the flow-induced birefringence in different devices is measured and

the retardance at the top of the first cylinder (hc¼ 90�), where fluid velocity reaches a maxi-

mum, is plotted in Fig. 4. We find that the magnitude of the retardance at this location is nearly

independent of the design of the microfluidic device. Moreover, the retardance is proportional

to the nominal strain rate below a certain e0. For the CTAB:NaSal solution, a linear relationship

TABLE I. Overall uncertainties of measurements and calculated quantities.

Quantity Overall uncertainty (%)

Intensity, I 61.6

Retardance, d 67.2

Volumetric flow rate, Q 60.05

Nominal strain rate, e0 64.4

Velocity, u 66.4

Extensional rate, ee 66.5

Shear rate, es 612.9

Principal rate, ep 614.4
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between d and e0 is found for e0� 3.42 s�1. As the nominal strain rate exceeds 4 s�1, the retard-

ance exhibits some fluctuation and its magnitude drops with the nominal strain rate. This may

be ascribed to the elastic instability1,17—sudden fluid rupture found in the wake of the cylinder

leads to the temporal variation and a plunge of flow-induced birefringence. In contrast, the

reduction of the retardance at large nominal strain rate is not prominent for the CPyCl:NaSal

and CPyCl:NaSal:NaCl solutions. Rather, there exists a retardance plateau, where d remains

nearly unchanged with the nominal strain rate. At large e0, only mild unsteadiness is found for

the CPyCl:NaSal solution and flow remains quite stable for the CPyCl:NaSal:NaCl solution.

Because the shear banding behaviour of the working fluids, a larger shear rate is found near the

wall. As a result, molecular alignment with the flow is saturated and the retardance plateau

occurs. The CPyCl:NaSal solution enters the retardance plateau at e0> 5.6 s�1, much higher

than the onset deformation rate of shear banding.8 On the other hand, adding brine to the blend

of the CPyCl:NaSal system actually makes the micelle more flexible and the retardance plateau

appears in e0> 20 s�1. Comparing with the other two solutions, the linear region expands over

FIG. 3. Variation of the retardance distribution in channel #3 with the nominal strain rate for the CTAB:NaSal solution.

The flow is from left to right.

FIG. 4. The variations of retardance at the top of the first cylinder with the nominal strain rate for (a) CTAB:NaSal, (b)

CPyCl:NaSal, and (c) CPyCl:NaSal:NaCl in different microfluidic devices. The red arrows indicate the onset breakdown of

the stress-optical rule predicted by the reciprocal of the Maxwellian relaxation time of the fluid.
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a wider range of strain rate and the maximal retardance is much lower when the

CPyCl:NaSal:NaCl solution is employed.

For the CTAB:NaSal, CPyCl:NaSal, and CPyCl:NaSal:NaCl solutions, the upper limits of

the nominal strain rates that confine the linear region are 3.34, 1.24, and 12 s�1, respectively.

All of these critical values are much larger than those found in Ober et al.8 using the ARES

rheometry with a Couette cell. Although the nonlocal effects arisen from the confined geometry

of the microfluidic devices may play a role in stress propagation across the interface,33 the line-

arity between d and e0 still holds at shear rates higher than the onset of nonlinear rheological

behavior. Therefore, the breakdown of the linearity falls on the stress plateau for the two

CPyCl:NaSal systems and behind the onset of shear thinning for the CTAB:NaSal solution.

Nevertheless, even in the nonlinear region, the flow-induced birefringence is able to provide

some information of the stress field in a stable zone near the low shear band, where the stress

still increases with the strain rate.

For all the working fluids, the linear region in Fig. 4 provides the bounds to a valid range in

which the deformation of fluid filaments in a microfluidic device can be mapped from measuring

the retardance with our approach. If we regard the shear rate as the input of our instrument for

the flow-induced birefringence measurements, the linear region in Fig. 4 leads to a sensitivity of

0.133, 0.283, and 0.012 rad s for the CTAB:NaSal, CPyCl:NaSal, and CPyCl:NaSal:NaCl solu-

tions, respectively. Hence, using the CPyCl:NaSal solution to measure retardance is able to obtain

the highest sensitivity, while probing the flow field with the CPyCl:NaSal:NaCl solution offers a

wider measuring range of strain rate. If other fluid is used, the sensitivity, the measuring range,

and the minimal discernable strain rate or stress difference are changed accordingly.

B. Comparison of birefringence and lPIV results

To further examine the validity of our birefringence measurement, the lPIV diagnosis is

applied to obtain the full-field velocity representation in the microfluidic devices, from which

the extensional, shear, and principal strain rate are determined and compared. Figs. 5 and 6

depict the comparison between the flow-induced birefringence and the lPIV results for the

CPyCl:NaSal solution in channel #1 at e0¼ 1.48 s�1 and the CPyCl:NaSal:NaCl solution in

channel #3 at e0¼ 10 s�1, respectively. In both figures, the nominal strain rate stays within the

linear region for the corresponding fluids. From Figs. 5 and 6, high similarity is found between

the retardance and the principal strain, i.e., regions with large retardance usually associate with

high principal strain rate. In Figs. 5(a) and 5(c), the band of flow-induced birefringence in the

raw image is much narrower than that of the retardance. This is because the retardance is not

linearly proportional to the image intensity obtained by the circular polariscope configuration.

Because of the square of the sine in Eq. (9), a small change in Ic/I0 leads to a large variation of

d when Ic/I0 is below 0.15 or above 0.85. As a result, the cylinder is surrounded by a thick

band of high retardance and followed by an extended tail with sharp edge. When fluid flows to-

ward the nose of the cylinder, the fluid is decelerated and a stagnation point is formed at

hc¼ 0�. As passing through the cylinder, the stationary fluid at hc¼ 0� is first accelerated to its

maximum velocity at hc¼690� and then is decelerated back to zero velocity at the rear of the

cylinder (hc¼ 180�). Therefore, large extensional strain rate is found in �73�< hc< 73� in front

of the cylinder and spreads from hc¼6100� to 6170� behind the cylinder. On the other hand,

shear strain rate starts to grow from hc¼67� and reaches its maximum near hc¼690�. The

shear strain rate decreases as the fluid moves to the back of the cylinder and moderate shear

rate is found to extend along the centreline of the minichannel. In the wake region, this sheared

flow is evidently exhibited in the birefringent results. There exists a very low retardance region

right behind the cylinder because birefringence is resulted from the strain accumulated by the

fluid as it flows past the cylinder.1 When fluid is stretched in the wake, the extensional defor-

mation is built up and the birefringent strand emerges a distance downstream of the cylinder.

The combined contribution of the extensional and shear strain rate leads to the resemblance

between the distributions of the retardance and the principal strain rate. In Figs. 5(a) and 5(c),

the triangular stagnation zone behind the cylinder is successfully represented by the low
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birefringence region. This triangular region of low retardance is more evident in Fig. 5 than

that in Fig. 3 because the nominal strain rate is smaller in Fig. 5. Therefore, the CpyCl:NaSal

solution experiences less deformation so that a longer distance is required to accumulate suffi-

cient strain. In contrast, pathlines in Fig. 5(b) do not depict apparent flow separation. The lPIV

diagnosis fails to resolve regions of high deformation, such as the large compression near the

front of the cylinder either, and creates a C-shaped region of low principal strain rate surround-

ing the cylinder.

FIG. 5. Comparison of the flow-induced birefringence and PIV results for the CpyCl:NaSal solution in channel #1,

e0¼ 1.48 s�1: (a) the original flow-induced birefringence image taken by our system, (b) the pathlines of lPIV particles

obtained by image superposition, (c) the pseudocolour map of retardance, (d) the shear strain rate, (e) the extensional strain

rate, and (f) the principal strain rate. The flow is from left to right.

FIG. 6. Comparison of the flow-induced birefringence and PIV results for the CPyCl:NaSal:NaCl solution in channel #3,

e0¼ 10 s�1: (a) the original flow-induced birefringence image taken by our system, (b) the pathlines of lPIV particles

obtained by image superposition, (c) the pseudocolour map of retardance, (d) the shear strain rate, (e) the extensional strain

rate, and (f) the principal strain rate. The flow is from left to right.
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Albeit the utilization of the image deformation scheme, the lPIV measurements suffer

from large errors and high vector rejection rate in the presence of large velocity gradient.29,34

Since shear banding takes place in e0> 0.3 s�1 for the CPyCl:NaSal solution, the corresponding

stress field may be overshot if we apply the stress-optical law on the retardance. Yet, the flow-

induced birefringence shown in Fig. 5(a) and 5(c) faithfully depicts the fluid deformation near

the cylinder wall, which cannot be unveiled by the lPIV diagnosis.

For the CPyCl:NaSal:NaCl solution flowing in channel #3 at e0¼ 10 s�1, the flow-induced

birefringence and lPIV results are shown in Fig. 6. Comparing with the other two working flu-

ids, the CpyCl:NaSal:NaCl solution is less birefringent and its fluid flow more stable.

Therefore, the retardance band enclosed the cylinder is relatively narrow even though the corre-

sponding strain rates are quite large. Contrary to the case of the CPyCl:NaSal solution, the

width of the birefringence strand surrounding the cylinder is not uniform for the

CPyCl:NaSal:NaCl solution. Rather, the strand is thin near the nose and the back of the cylin-

der (hc¼ 0� and 180�), but fat near the top and the bottom of the cylinder (hc¼690�). A single

birefringent cord appears at the trailing edge (hc¼ 180�) of the first cylinder and extends along

the centerline to the downstream, attributing to the sheared flow between the neighboring cylin-

ders. However, this birefringent cord separates into two branches before the second cylinder,

leaving a triangular region of low birefringence in the front of the ‘next’ cylinder. For the

CPyCl:NaSal:NaCl solution, the peak shear rate also occurs at the top and the bottom of

the cylinder (hc¼690�), but maximal extensional rate is found at the four diagonal corners of

the cylinder: hc¼645� and 6 130�. Although similar distribution of birefringence was high-

lighted by a crossed polarizer technique,1 our lPIV result does not reveal the existence of the

negative wake as was found in a rising bubble.35

FIG. 7. The sequence of birefringence images for the transient flow of the CTAB:NaSal solution in channel #2, e0¼ 7.4 s�1.

(Video at 0.33� playback speed). (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4939949.1]
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C. Birefringence of transient flow

To demonstrate the capability of the transient measurements of our approach, the sequence of

birefringence images for the CTAB:NaSal solution flowing in channel #2 at e0¼ 7.4 s�1 is given

in Fig. 7 (Multimedia view). As shown in Eq. (9), the light intensity from a single frame can be

easily converted to the retardance once the reference image is taken prior to the experiment.

Hence, images in Fig. 7 also roughly represent the transient evolution of retardance, which is

highly associated with the principal strain rate of the fluid. At this high flow rate, the flow

becomes unstable due to the onset of elastic instability. Near the top and the bottom of the cylin-

der (hc¼690�), the shear rate is so large that molecular alignment with the flow is saturated and

high retardance region completely occupies the gap all the time. In the upstream region, the emer-

gence of the birefringence strands suggests that high shear exists near the confined wall while the

isotropic flow in the middle of the channel is elongational. In the downstream region, we observe

a birefringent tail swinging at a frequency of 0.6 Hz. Although the disorderly pattern in the

upstream region also blinks with time, its unsteadiness does not display apparent periodicity.

IV. CONCLUSION

In this study, we construct the circular polariscope on top of an inverted microscope by

installing two linear polarizers and two quarter waveplates along the light path and use our sys-

tem to successfully measure the flow-induced birefringence in a microfluidic device. Because of

the simple relationship between the light intensity and the retardance, the images acquired by

our system provide an intuitive way to visualize the retardance distribution, with which the

principal strain in the microflow field can be correlated. In addition, transient measurements

can be easily obtained by recording successive images once the reference image is taken prior

to the experiment.

For all working fluids tested, there exists a linear region in which the retardance grows lin-

early with the nominal strain rate. This linearity defines the bounds of a valid range in which

the principal strain rate can be correlated to the flow-induced birefringence. For our system, the

highest sensitivity can be achieved by using the CPyCl:NaSal solution. Although the

CPyCl:NaSal:NaCl solution is less birefringent comparing to the other two fluids, it has the

widest measuring range of strain rate. For comparison, we also conduct the lPIV diagnosis to

obtain the velocity field, from which the deformation rates of fluid are determined. Pathlines in

the microfluidic device are obtained by superpositioning a set of 100 successive lPIV images.

We find that regions with large retardance are usually associated with high extensional or shear

strain rates so that the distributions of the retardance and the principal strain rate are highly

similar. Therefore, we verify that both extensional and shear strain rates contribute to the result-

ant retardance. In fact, measurement of flow-induced birefringence is able to reveal some flow

features that are not detected by conventional methods such as lPIV. While lPIV may lead to

large errors in regions with large velocity gradient, high deformation rate can still be resolved

by the birefringence approach. In conclusion, our optofluidic approach proves that measure-

ments of flow-induced birefringence provide a non-invasive, transient, full-field quantitation of

fluid deformation in a microfluidic environment, from which probing the stress field can be

implemented. The proposed method opens a new possibility to diagnose micro-fluid flow from

a different aspect, which may offer invaluable insights to the understanding of flow kinematics

and helps in better design of microfluidics in the future.
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